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In this paper, we report the successful observation of the hybrid multiple diffraction (hybrid 
MD) in Renninger scans (RS) [M. Renninger, Z. Kristallogr. 106, 141 (1937)]. These 
diffractions occur when the beam first diffracted by an inclined layer. (or substrate) plane with 
respect to the sample surface crosses the interface layer/substrate to be rescattered by 
another substrate (or layer) plane towards the detector. The construction of an incidence 
diagram allows to establish the occurrence of the hybrid MD for heteroepitaxial 
layers. The layer imperfection (mosaic spread) is used to explain these extra features in RS ’ 
together along the normal MD features. The case of a GaAs layer grouin on a Si 
substrate is investigated. 
I. INTRODUCTION 
The x-ray multiple diffraction technique, which pro- 
vides three-dimensional information about the crystal lat- 
tice and is very sensitive to small lattice deformations re- 
flected in symmetry changes, is a very useful technique for 
studying epilayered materials. There have been an increas- 
ing number of applications of this technique, as a charac- 
terization method,’ mainly in the divergent beam geome- 
try. Nevertheless, the multiple diffraction (MD) 
phenomenon is usually studied in the Renninger geometry2 
using a collimated beam which provides the so called Ren- 
ninger scan (RS). In this scan, a single crystal is rotated 
about the normal to a set of diffracting planes [primary 
(h,,k,,Z,)] while diffraction from these planes is measured. 
Because of the rotation, other planes [secondary 
(h&&l diffract simultaneously with the primary and the 
transfer of energy between the primary and the secondary 
beams occurs through the MD coupling reflection (/zp 
- hDkp - k*l,, - I,>. 
The occurrence of the layer and substrate lattice inter- 
action in MD for heteroepitaxial structures is the funda- 
mental basis of a new method for characterizing these 
structures, which has already been used in the InGaAsP/ 
GaAs system.3 The heteroepitaxial structure RS can pro- 
vide information regarding this interaction in two ways,: 
(i) Through modulation of the Renninger scan intensity 
(MORSI) ,4 which appears in the substrate RS as dips, 
because of diffraction of the incoming and primary beam 
intensities (when both cross the layer) by epilayer planes 
in certain orientations; (ii) through hybrid MD,5*6 which 
occurs when the secondary and the coupling planes are in 
different lattices (layer and substrate). In this case, the 
interaction always appears as an extra peak in the layer or 
substrate RS. 
Recently, a theoretical treatment based on the Kossel 
construction was developed6 for simulating the hybrid MD 
in x-ray divergent beam experiments. However, this ap- 
proach does not explain the observation of hybrid MD in 
the RS for the GaAs/Si system. In this paper, the effect of 
layer imperfections (mosaic spread in this case) is included 
in the abovementioned treatment in order to account for 
these observations. r 
II. HYBRID MULTIPLE DIFFFMCTION IN lMPERl+ECT 
LAYERS 
The basic equations of the Kossel construction are nor- 
mally used in the x-ray MD divergent beam technique.7 In 
a recent paper,6 these equations were arranged in such a 
way as to accentuate the diffraction by the secondary and 
coupling planes, consecutively. In reciprocal space, the 
vector rl gives the direction of the beam which is first 
diffracted by the secondary planes (gt) and which im- 
pinges on the coupling planes (a) under diffraction con- 
ditions. Figure 1 shows the Bragg cones for the primary 
reflection defined by go, the secondary reflection, gl, and 
the coupling one, g,. One can observe that rl and - rl are 
the generators of the Bragg cones of the first and the sec- 
ond diffraction, respectively. As we point out later, the 
conditions for the occurrence of hybrid MD do not require 
the fulfillment of the diffraction condition by the primary 
planes of any lattice involved in the phenomenon. Equation 
( 1) represents the diffraction conditions 
I 
rl*s3=lgl12, 
rl-g2= - lg212, 
jr11 =2/A.=R. 
(1) 
Once r1 is determined, Bragg’s law gives r = 2gi - rl. 
These equations determine the direction r of the inci- 
dent beam for the sequence of diffractions for each possible 
MD path to occur, as shown in Fig. 2. Examples of hybrid 
MD paths are depicted in Figs. 2(a) and 2(d) together 
along the normal MD paths in the substrate Fig. 2(b) and 
in the layer Fig. 2(c). One observes that the secondary and 
coupling planes can be either in the layer (LL) or in the 
substrate (SS); the first in the layer and the second in the 
substrate (LS) or vice versa (SL). 
In the case of a mosaic crystal, the contributions from 
the mosaic blocks, each of which is a perfect crystal, to the 
x-ray scattered intensity must be considered. If a particular 
set of crystalline planes within each block is considered, 
the normal to these planes in the several blocks are distrib- 
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FIG. 1. Bragg cones for a three-beam multiple diffraction case in the 
reciprocal space. The incident beam is diffracted simultaneously by the 
primary planes gc and the secondary planes gi. The secondary beam is 
then diffracted by the coupling planes gz towards the primary direction. 
uted around the most probable direction (ideal direction, 
denoted by g); the distribution is approximately Gaussian.8 
We will characterize each block by its m isorientation, 0, 
the angle between the ideal direction g and the normal to 
the planes, g’; 0 is of the order of the crystal mosaic spread, 
71. The scattering of any incident x-ray beam by the mosaic 
block distribution, has its maximum on the g incidence 
plane defined by r and g. Therefore, as an approximation, 
just contributions on this plane will be taken. In this ap- 
proximation g’ should be written as 
fz’=d@ ; + b(8) f , 
where the parameters a(@ and b(8) are shown in Fig. 3. 
They can be determined from the basic conditions 
14 = I4 
r*g’=(g’(2, 
Irl =R 
(3) 
(b) 
FIG. 2. Planar scheme of the MD paths involving secondary and coupling 
reflections. (a) Hybrid substrate-layer (SL); (b) normal substrate-sub- 
strate (SS); (c) normal layer-layer (LL) and (d) hybrid layer-substrate 
(W. 
Scattered 
Beam 
Ewald Sphere / 
FIG. 3. Geometry of mosaic crystal scattering on the reciprocal space. 
The parameters a(B) and b(O) are shown for a given 8. 
which express the perfect crystal condition of each block 
(first equation) and the Bragg cone for g’ (second and 
third equations). 
Since the 8 value is small (minutes of arc) one can 
neglect second order terms to obtain 
a(O>=(l~~O)lgl and b(O)=rXOR 
being x = tan 6JBrags 
Thus, g’ for a certain 8 is calculated and Eq. (3) in- 
cluding the mosaic spread contribution becomes 
I r.g=(lg12~R2xe)/(l~xe>, Irl =R. (4) 
Equation (4) defines, for a chosen 8, two cones ( + 
and - > which are shown in Fig. 4. These cones determine 
two symmetric points in the normal Bragg diffraction peak. 
When the incident beam is parallel to a cone ( + ) gener- 
ator, the reflected beam is parallel to the cone ( - ) gen- 
erator and vice versa. It should be noted that as 8 ap- 
proaches zero, both cones coincide with that determining 
the maximum intensity scattering. 
Equation ( 1)) which takes into account all normal and 
hybrid MD paths, is then modifled to include the mosaic 
Scattered 
FIG. 4. Bragg cone scheme indicating the diffraction condition for the 
mosaic blocks with the same 0 value. 
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FIG. 5. Incident beam direction with respect to the sample. The reference 
direction m  is on the plane perpendicular to the normal 2. 
spread contribution by writing Eq. (4) for each pair of 
secondary and coupling reflections. Thus, 
i 
r,.g,=(lgl12rtR2Xlel)/(l~.xle,), 
q-g2= - (18212*R2x2~2V( 1 fx2Q2), 
lrll =R. 
(5) 
Hence, the incident beam direction is 
r=% - rl*2(gl -I- r~),xd4. (6) 
This direction can be given in terms of the coordinates 
(o,#) o being the angle between the incident beam and the 
sample surface. The rotation angle I$ is measured between 
the primary incidence plane and the reference vector m  as 
depicted in Fig. 5. These coordinates are given by 
w=sin 
--1 r.2 1 1 R and +=tan 
where ii is the normal to the primary planes. 
The influence of the imperfections in the layer crystal- 
line lattice on the hybrid MD are analyzed in Sec. IV by 
means of the mosaic spread, i.e., by considering the m is- 
orientation of the several mosaic blocks composing the 
layer. The existence of mosaic blocks in the layer is not 
under investigation in this work. Here, we simply show 
that one of the effects caused by these imperfections in a 
heteroepitaxial structure RS is the enhancement of the hy- 
brid MD peak occurrence. 
III. EXPERIMENTAL DETAILS 
A divergent x-ray beam from a Cu target with an ef- 
fective focal size of about 50 pmX50 ,um was used in the 
measurements. The sample is mounted on a full circle Eul- 
erian cradle. The RS for the 0.8~pm GaAs layer on Si was 
performed with an incident beam collimator which pro- 
vides a 2.5 m in of arc divergence. In turn, the measure- 
ments of hybrid MD with different incidence angles were 
performed in the same geometry by using a 115-cm-long 
collimator providing a 1 m in of arc divergence and 0.01” 
steps in the 4 scan. In this case, the GaAs layer is 1.2~pm 
thick. The GaAs/Si samples were grown by vacuum chem- 
ical epitaxy (VCE) . The substrate was heated up to 900 “C 
- 
3 
u 
V 
H 
4 (deg) 
FIG. 6. 002 CuKa, Renninger scan from an [OOl]-cut GaAs substrate 
with no epitaxial layer (a) and from a 0.8~pm-GaAs epilayer grown on an 
[OOl] Si substrate (b). Similar data for an [OOl] cut Si substrate with no 
epilayer (c) and for an [OOl] Si substrate of the O.S+m-GaAs- epilayer 
(d). The hybrid contributions are related to the normal MD ones in each 
layer (A4,) and substrate (A&) Renninger scan. 
and the GaAs layer was grown at 650 “C!. Details of the 
sample preparation have been published elsewhere.’ 
IV. RESULTS AND DISCUSSIONS 
The first RS to detect the occurrence of hybrid MD 
was performed by rotating the GaAs/Si sample around 
[OOl] direction which is perpendicular to the large face of 
the sample. A small portion around the 90” symmetry m ir- 
ror with respect to the reference vector” m  = (l,l,O) of 
the 002 RS are shown in Figs. 6(a) and 6(b), respectively, 
for a GaAs wafer with no epitaxial layer and a 0.8~pm 
GaAs layer on Si. Also, for purposes of comparison, we 
present corresponding data for a Si wafer [Fig. 6 (c)] and 
for the Si substrate of the GaAs/Si sample [Fig. 6(d)]. 
Since the 002 reflection is forbidden by the Si space group, 
a first alignment for the 004 permitted reflection is neces- 
sary. Note the appearance of extra peaks marked with ar- 
rows in both sides of the m irror; in the RS for the GaAs 
layer [Fig. 6(b)] and for the Si substrate [Fig. 6(d)]. More- 
over, the peak broadening in Fig. 6(b) in comparison with 
Fig. 6(a) indicates the presence of layer imperfections. The 
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FIG. 7. The GaAs/Si incidence diagram. A Renninger scan is obtained by 
scanning the 4 angle with a fixed divergence (as indicated by S,) at a 
chosen w value. The normal SS (substrate) and LL (epilayer) multiple 
diffraction paths are represented by the full lines. The mosaic spread effect 
in the hybrid multiple diffraction SL and LS paths is shown as the dashed 
lines. 
extra peaks correspond to the hybrid MD -path SL [Fig. 
2(a)] and LS [Fig. 2(d)]. 
It should be pointed out that without considering the 
mosaic spread effect in the Kossel basic equations, these 
hybrid MD peaks could not be explained. 
In the following, the incidence diagram (ID) 6 for the. 
GaAs/Si system is constructed in order to clearly show the 
effects of the incident beam divergence and the layer mo- 
saic spread in the RS. This diagram is a graphical repre- 
sentation of the (w,#) coordinates obtained in Eq. (7) and 
is very useful for indicating which incident beam direction 
will excite a chosen MD. The ID is depicted in Fig. 7 using 
m  = ( l,l,O). The horizontal lines correspond to the 002 
primary reflections for the layer and the substrate. In all 
MD path calculations as = asi = 5.4309 h; and aL 
ao& = 5.6534 A were used in Rq. (5) to provide rl, 
z, and 19, being specified for each MD path. From Eq. (6) 
one can obtain r, which gives the (w,#> coordinates 
through Eq. (7). As an example, the hybrid SL path is 
calculated taking g1 = l/as(i,i, 1) and g2 = l/aL( 1, 1, 1 ), 
6i = 0 and f3, varying from 0 to 15 m in of arc. The results 
are indicated by the dashed line in Fig: 7 corresponding to 
the SL path. The incidence directions for the MD paths, 
which are calculated without the mosaic spread intluence, 
are represented by the eight closed circles (SS, LL, LS, and 
SL) for the CuKcri and Cu&x2 radiations. Furthermore, in 
Fig. 7 we show the pinhole divergence6 (Si) used to obtain 
the RS shown in Fig. 6 (i.e., the scanning of the horizontal 
lines with this pinhole). In the analysis of the hybrid con- 
tributions using the ID, the substrate mosaic spread is ne- 
glected in comparison with the layer value. The peak po- 
sitions corresponding to the normal MD paths (SS and 
LL) are not affected by the mosaic spread whereas its in- 
fluence in the hybrid ones (LS and SL) is represented by 
the dashed lines for a maximum 0 deviation of 15 m in of 
arc. The crossing points of these lines with those represent- 
ing the layer and substrate primary reflections indicate the 
hybrid MD position in the respective RS. The angular dis- 
tances between each hybrid and the corresponding normal 
MD feature (Ah and A&) are shown in Fig. 6 also. 
In above treatment, we have analyzed in detail only the 
000 002 ii1 three-beam case. There are other hybrid MD 
paths corresponding to the remaining secondary reflections 
in Figs. 6(a) and 6(c). For instance, the 13 1 (three-beam 
case) for which the possible hybrid paths are 131s 
+ 731, and 13 lL + 131, as well as the 5ii 513 (four- 
beam case) with possible paths 517, + 313, and 513s 
+ 5iiL. The contributions from these paths do not appear 
in the RS, however, since the o values for their occurrence 
are between 11.55” and 15.04” (lirst and fourth paths) and 
17.31” and 21.95” (second and third paths) for 15 m in of 
arc mosaic spread. The same reasoning can be applied to 
the ?5i 353 four-beam case. Moreover, the analysis of the 
reflections appearing in symmetrical positions with respect 
FIG. 8. Sequence of Renninger 
scans at different o values scan- 
ning across the GaAs/Si inci- 
dence diagram. The positions of 
the hybrid SL peak depend only 
on the substrate lattice parame- 
ter. These positions follow the 
predicted ones whereas the LS 
peak appears slightly changed 
owing to the other layer imperfec- 
tions not considered. 
o (deg) 
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to the symmetry mirror provides analogous results using 
the same procedure. 
Figure 8 shows the scanning across the GaAs/Si’ ID 
depicted in Fig. 7, in other words, it shows several 4 scans 
measured at different o values. The # range is kept the 
same in all measurements. The first scan at o = 15.8 13” 
shows the superposed Kal and Ka, contributions from the 
layer as the broad peak corresponding to the LL path. It 
also shows the substrate/layer interaction as the small 
Ka, and Ka2 peaks corresponding to the SL hybrid MD 
path. As we increase o, we observe that the LL contribu- 
tion decreases, whereas that for the SL increases up to its 
maximum value at w* 13.980”. At this value of o, the SL 
Kaz contributing intensity is the same as that for the 
Kai. For larger values of w, the LS path contribution in- 
creases, whereas the SL decreases. Finally, the last scan at 
in) = 16.479” exhibits: (i) the LS peak, (ii) the strong sub- 
strate contribution as the narrow peak corresponding to 
the SS path and, (iii) the peak corresponding to the %i 
3-53 four-beam case. 
V. CONCLUSIONS 
In this paper, we discuss in detail, the conditions for 
the occurrence of hybrid MD peaks in either layer or sub- 
strate RS. The observation of the incidence diagram shows 
that the hybrid MD can be measured, even when the pri- 
mary planes do not diffract the incident beam. The forms 
of Eqs. (5) and (6) are very useful for including lattice 
imperfections as we show for the mosaic spread case. 
Moreover, considering the secondary and coupling planes 
in the same lattice, it is possible in principle, to obtain MD 
peak profiles-as a function of the mosaic spread and the 
incident beam divergence. 
The sequence of RS at different o values, i.e., the scan- 
ning across the GaAs/Si ID, supports our conclusions re- 
garding the influence of the mosaic spread effect in the RS. 
Finally, it should be pointed out that complete knowl- 
edge of the hybrid MD features is very, important, since 
measurement of both these features and normal ones in- 
volving secondary surface reflections in the same layer RS, 
allows for characterization of epitaxial structures. 
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